The results of PVT measurements of the liquid phase within the temperature range of (298 to 393) K and up to 35 MPa are presented for some aliphatic esters. Measurements were made by means of a vibrating-tube densimeter, model DMA 512P from Anton Parr. The calibration of the densimeter was performed with water and n-heptane as reference fluids. The experimental PVT data have been correlated by a Tait equation. This equation gives excellent results when used to predict the density of the esters using the method proposed by Thomson et al. (AIChE J. 1982, 28, 671-676). Isothermal compressibilities, isobaric expansivities, thermal pressure coefficients, and changes in the isobaric heat capacity have been calculated from the volumetric data.
Introduction
PVT data of liquids are important for efficient design of chemical processes and to develop correlation and prediction methods applicable over wide temperature and pressure ranges. The aliphatic esters are important materials in manufacturing processes connected with flavor and fragrance industries.
Several studies of thermophysical properties (density, viscosity, surface and interfacial tension) of several esters have been performed at room temperature and atmospheric pressure in our research group. [1] [2] [3] However detailed investigation of these properties for pure esters, in large temperature and pressure ranges, are still very scarce in literature. As far as we know, the available literature density data in the high pressure domain are the measurements for propyl and butyl acetates from Malhotra and Woolf 4 in the temperature range of (278 to 338) K and those performed by Kumagai and Iwasaki 5 for ethyl acetate in the range of (253 to 313) K. This paper gives a valuable contribution in this direction presenting reliable density data for some alkyl esters (ethyl, propyl, n-butyl, and n-pentyl acetates) from (298.15 to 393.15) K and up to 35 MPa. In order to compare our data with those from Malhotra and Woolf, we have made some density measurements at the same (P, T) conditions. The agreement was very good with absolute average deviations (AAD) of the order of 0.1 %. To correlate our density data, a Tait equation was applied. From this equation, isothermal compressibilities, isobaric expansivities, thermal pressure coefficients, and changes in the isobaric heat capacity have been calculated. The method of Thomson et al. 6 was applied to the prediction of the density in the pressure and temperature ranges considered with absolute average deviations of the order of 0.2 %.
Experimental Section
Materials. All the materials used are pro analysis grade. Tridistilled water was used. N-Heptane was from Lab-Scan with a stated purity higher than 99 (mass %). The esters (ethyl, propyl, n-butyl, and n-pentyl acetates) were obtained from Aldrich with purities of >99.9, >99.0, >99.7, and >99.0 mass %, respectively. The purities were not measured and all liquids have been used without purification. The density data at different temperatures and at atmospheric pressure obtained in this work are compared with literature values in Table 1 .
Experimental and Calibration Procedures. Densities of liquids were determined using a vibrating-tube densimeter (model DMA 512P from Anton Parr). Figure 1 shows the installation of the DMA 512P cell and the peripheral equipment used. The required pressure was generated and controlled with a HIP pressure generator model 50-6-15 from High Pressure Equipment Co., using acetone as the hydraulic fluid. Pressures were measured with a pressure transducer (WIKA, S-10) with a precision of ( 0.03 MPa. This uncertainty is not relevant since the mean value of the isothermal compressibility for the compounds studied here are on the order of 10 -3 MPa -1 . The temperature in the vibrating-tube cell was measured with a platinum resistance probe with an uncertainty of ( 0.01 K coupled with a GW Instek Dual Display Digital Multimeter GDM-845. A Julabo P-50 thermostatic bath with silicone oil as circulating fluid was used in the thermostatic circuit of the measuring cell, which was held constant to ( 0.01 K. The diameter of tube is 1/16 in., and the buffer is more than 1 m in length, which guarantees the inexistence of diffusion of the hydraulic liquid in the liquid contained in the cell of densimeter.
Water and n-heptane have been used as reference fluids for the calibration of the vibrating-tube densimeter. The density of these substances were used to fit the calibration where F(T, P) and τ(T, P) are the density and the vibration period, respectively, which are both function of temperature (T) and of pressure (P). The vibration period τ(T 0 , P 0 ) 0) is measured at a reference temperature (T 0 ) and vacuum. In this work T 0 ) 303.15 K, and the measured period at P ) 0 is τ(T 0 , P 0 ) ) 0.388074 µs. The parameters A i in eq 1 are A 1 ) 10287.83 kg‚m -3 , A 2 ) -4.048 kg‚m -3 ‚K -1 , A 3 ) 5.701 × 10 -4 kg‚m -3 ‚K -2 , A 4 ) -9531.03 kg‚m -3 , A 5 ) 1.3846 kg‚m -3 ‚K -1 , and A 6 ) -1.4423 × 10 -1 kg‚m -3 ‚MPa -1 . For water, density data due to Saul et al. 12 and from the National Institute of Science and Technology (NIST) 13 in the temperature range of (293.15 to 393.15) K and pressures from 0.1 MPa up to 35 MPa were used. For n-heptane, the density data compiled by Nichols and Reamer 14 and from NIST 15 were taken in the same range of pressure and temperature. The standard deviation of the fitting (σ) was 1 kg‚m -3 and gives the uncertainty assigned to the calibration of the densimeter. In eq 2, F cal and F exp are respectively the density data from eq 1 and the value for the ith experiment; N p represents the number of points (N p ) 436); and k is the number of adjusted parameters (k ) 6). The AAD defined as was equal to 0.1 %. Due to the very low viscosity of the esters studied in this work (less than 1 mPa‚s at 298.15 K and 0.1 MPa), the density correction (∆F) due to viscosity is less than 0.005 kg‚m -3 , which 
can be considered negligible. This conclusion can be obtained using the equation recommended by Anton Parr for the densimeter DMA 512P:
where η is the dynamic viscosity (in mPa‚s). This equation can be applied for liquids with viscosities less than 100 mPa‚s. We have not found in the literature viscosity data for the acetates at high pressure. The effect of pressure on liquid viscosity can be predicted with good accuracy from the corresponding states method proposed by Lucas: 16 where η low is the viscosity at P ) 0.1 MPa; ω is the acentric factor; ∆P r () (P -P σ )/P c ) is the change in reduced pressure at fixed temperature (P σ is the saturation pressure at the same temperature); and A, C, and D are functions of the reduced temperature (T r ) T/T c ). Applying eq 5 to the alkyl esters at T ) 298.15 K and P ) 30 MPa, the values obtained for the viscosity are less than 1 mPa‚s with the exception of the n-pentyl acetate substance for which η(298.15 K, 30 MPa) ) 1.07mPa.s.
Results and Discussion
Density measurements were carried out in wide ranges of temperature (298 to 393) K and pressure (0.1-35) MPa. Particular attention was given to the subcritical data; therefore, we have measured the density in the above-mentioned temperature domain for several subcritical pressure values. The experimental data for ethyl, propyl, n-butyl, and n-pentyl acetates are reported in Tables 2 to 5 . In Figure 2 , a graphical representation for the ethyl acetate is given. As usual, the density of each ester decreases with the rise of temperature along isobars and increases when pressure increases at constant temperature. Moreover the densities of the alkyl esters decrease with the increase of the alkyl chain length. This behavior was observed also in complex ester molecules like polyol esters. 17 This is the opposite of what is observed with alkanes. In this family the molecules interact only through dipole-induced forces proportional to the length of the carbon chain, and the increasing in the density is due to the reduction of the free volume. In the case of the esters, the adding of -CH 2groups disrupts the local configurational order of -COO-group causing a lower molecular packing efficiency (decrease in the density). 17 The density data due to Malhotra and Woolf 4 for propyl acetate and for n-butyl acetate at temperatures of (298.14, 313.14, 323.14, and 338.13) K have been compared with our own measurements at the same temperatures and pressures. The results of comparison are shown in Figure 3 . The AAD is 0.1 % for both substances.
The Tait equation was fitted to the measured density data in the ranges of pressure and of temperature mentioned above. The reference state ( ref ) must be carefully selected. As reference state we could take the liquid at a given temperature and atmospheric pressure,
The vapor pressure (P σ ) of the aliphatic esters studied here can be described accurately by the Wagner equation:
where m ) 2.5 or 3 and τ ) 1 -T r . The critical constants (T c , P c ) and the parameters n i are listed in that only for the first two substances the liquid density could be measured in all the temperature range at P ) 0.1 MPa.
Therefore the saturated liquid state was selected here as the reference state. Once the reference state is chosen, the values F ref ) F l,σ were obtained by fitting eq 6 to isothermal density data using values of pressure lower than the critical pressure value. The value of vapor pressure needed in eq 6 was obtained from Wagner equation. We have used subcritical pressures to avoid bad extrapolations, which can result from the use of density at higher pressures far from the equilibrium pressure (P σ ). The density data of the saturated liquid (F l,σ ) calculated as stated before are reported in Table 7 and are compared with literature values in Figure 4 . It is remarkable that all the saturation curves can be well-predicted in all the liquid + gas equilibrium range using the eq 8 fitted density data in very narrow ranges of temperature. Equation 6 was fitted to the experimental PVT data in the temperature range of (298.15 to 393.15) K and up to pressures of 35 MPa. The vapor pressure (P σ ) and the saturated liquid density (F l,σ ) used in eq 6 were calculated from eqs 7 and 8, respectively. The coefficient C was treated as constant for each substance, while the parameter B was considered temperaturedependent following a function proposed by Kumagai and Iwasaki. 5 They have found that B is proportional to the reciprocal of temperature. This dependence is given by where b 1 and b 2 are parameters obtained from the fitting of eq 6 to PVT data. As we have concluded including more terms in powers of T -1 does not improve the fittings. In Table 9 , we list the parameters of the Tait equation, the average absolute deviation (AAD), and the standard deviation of the fittings (σ) for the esters studied.
In Figure 5 , the percentage density deviations plots between the calculated values with eq 6 and experimental data are depicted. The absolute percentage deviations are less than 0.2 % in the majority part of the temperature and pressure domains. The AAD is of the order of 0.1 % for all the substances (see Table 9 ).
From eq 6 some mechanical coefficients were calculated as functions of pressure and temperature. For the isothermal compressibility (κ T ) defined as the final expression is
The isothermal compressibilities of the esters are listed in Tables 10 to 13, and the values for ethyl acetate are shown in Figure 6 . For the other alkyl esters the representations will be similar. For the isobaric expansivity (R P ) defined as the following expression is derived from the Tait and the Rackett equations:
where dB/dT ) -b 2 /T 2 and γ σ ) dP σ /dT is the slope of the vapor pressure curve at the given temperature T. The values of R P are presented in Tables 10 to 13 and are plotted in Figure 7 for ethyl acetate. The thermal pressure coefficient (γ V ) was calculated according and the values for this property are listed in Tables 10 to 13 and plotted in Figure 8 for ethyl acetate. The values of R P are similar in magnitude for all the esters in the tested ranges of temperature and pressure. The same is true for κ T and γ V . The dependence on P and T of these mechanical coefficients follows the expected behavior. The coefficients R P and κ T show an increase with the temperature, which is more significant at lower pressures. At high pressures the value of R P is practically constant, independent of temperature. At fixed pressure the value of the thermal pressure coefficient decreases markedly with the increasing temperature. From Tables 10 to 13, it is observed that the isothermal compressibility decreases as -CH 2 -units are added to the alkyl group of the ester molecule. A similar behavior is observed for R P . This behavior is a consequence of the global decreasing in the density with the increase of the alkyl chain length as explained before. The R P and k T data from this work are compared with the values reported by Malhotra and Woolf 4 for propyl and n-butyl acetates in Table 14 . The absolute percentage deviation for both the coefficients are between 1 % and 3 %.
Taking into account the influence of pressure into the isobaric molar heat capacity (C P,m ) at constant temperature the following equation is obtained for the change in the isobaric molar heat capacity due to the increase on the pressure from 0.1 MPa to P:
where M is the molar mass. The quantities in the integrand of eq 16 were calculated from the Tait equation. The values of ∆C P,m are given in Tables 10 to 13 . The most appreciable changes in C P,m occur at high pressure and high temperature. However in the range of pressure covered by this work, the ∆C P,m is small as compared with the value of C P,m (T, P ) 0.1 MPa). To stress this aspect, we can compare the recommended In Table 14 , we compare our values of ∆C P,m for propyl and n-butyl acetates with those obtained by Malhotra and Woolf. 4 The two sets of results are in close agreement.
The Tait equation was also used to predict density of the alkyl esters. For this purpose, the method of Thomson et al. 6 was applied. In this method, the parameters B and C of eq 6 are predicted by the following equations: 6 where ω is the Pitzer acentric factor and a ) -9.070217, b ) 62.45326, d ) -135.1102, f ) 4.79594, g ) 0.250047, h ) 1.14188, j ) 0.0861488, and k ) 0.0344483. The necessary vapor pressure and saturated liquid densities to be used in eq 6 were provided by eqs 7 and 8, respectively. The AAD between 
experimental and predicted values of density is 0.2 % or less. The predicted value of parameter C (C ≈ 0.10) is of the same magnitude as that presented in Table 9 .
Conclusions
In this work experimental density data of alkyl acetates (ethyl, propyl, n-butyl, and n-pentyl) over the pressure range of (0.1 to 35) MPa and the temperature range of (298.15 to 393.15) K are presented. We have extended the temperature domains of the experimental measurements for ethyl, propyl, and butyl acetates considering the available literature data. Our measurements are in close agreement in the (P, T) domain covered by other authors. As much as we know, density data for the pentyl acetate at wide ranges of temperature and pressure are original. We have found that the density of the alkyl esters decreases with the increasing of the alkyl chain length.
In this work, the Tait equation was fitted to the density data using simultaneously the pressure and the temperature, which is a more direct and fast methodology than to fit the equation to isothermal (F, P) data, as some authors do. With this procedure the mechanical coefficients R P , κ T , and γ V and the change in the isobaric molar heat capacity (∆C P,m ), from P ) 0.1 MPa to P at fixed T were accessed in wide (P, T) ranges.
All the values of these PVT properties agree closely with those from other authors. The calculated values of the change in the isobaric heat capacity (∆C P,m ) are always small and negative and represent (2 to 3) % of the values of C P,m (T, P ) 0.1 MPa). The method of Thomson et al. 6 can be applied to the prediction of density of the esters with excellent results. 
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